Coastal bays, such as Barataria Bay, are important transition zones between the terrigenous and marine environments that are also optically complex due to elevated amounts of particulate and dissolved constituents. Monthly field data collected over a period of 15 months in 2010 and 2011 in Barataria Bay were used to develop an empirical band ratio algorithm for the Landsat-5 TM that showed a good correlation with the Colored Dissolved Organic Matter (CDOM) absorption coefficient at 355 nm (ag355) (R 2 = 0.74). Landsatderived CDOM maps generally captured the major details of CDOM distribution and seasonal influences, suggesting the potential use of Landsat imagery to monitor biogeochemistry in coastal water environments. An investigation of the seasonal variation in ag355 conducted using Landsat-derived ag355 as well as field data suggested the strong influence of seasonality in the different regions of the bay with the marine end members (lower bay) experiencing generally low but highly variable ag355 and the freshwater end members (upper bay) experiencing high ag355 with low variability. Barataria Bay experienced a significant increase in ag355 during the freshwater release at the Davis Pond Freshwater Diversion (DPFD) following the Deep Water Horizon oil spill in 2010 and following the Mississippi River (MR) flood conditions in 2011, resulting in a weak linkage to salinity in comparison to the other seasons. Tree based statistical analysis showed the influence of high river flow conditions, high-and low-pressure systems that appeared to control ag355 by ~28%, 29% and 43% of the time duration over the study period at the marine end member just outside the bay. An analysis of CDOM variability in 2010 revealed
derived CDOM maps generally captured the major details of CDOM distribution and seasonal influences, suggesting the potential use of Landsat imagery to monitor biogeochemistry in coastal water environments. An investigation of the seasonal variation in ag355 conducted using Landsat-derived ag355 as well as field data suggested the strong influence of seasonality in the different regions of the bay with the marine end members (lower bay) experiencing generally low but highly variable ag355 and the freshwater end members (upper bay) experiencing high ag355 with low variability. Barataria Bay experienced a significant increase in ag355 during the freshwater release at the Davis Pond Freshwater Diversion (DPFD) following the Deep Water Horizon oil spill in 2010 and following the Mississippi River (MR) flood conditions in 2011, resulting in a weak linkage to salinity in comparison to the other seasons. Tree based statistical analysis showed the influence of high river flow conditions, high-and low-pressure systems that appeared to control ag355 by ~28%, 29% and 43% of the time duration over the study period at the marine end member just outside the bay. An analysis of CDOM variability in 2010 revealed Barataria Bay, coupled with river and shelf water exchange near the mouth of the bay [26] [27] [28] . The generally shallow water depths of this aquatic system are also likely to make it susceptible to the physical forcings of wind, tides and currents, resulting in the release of CDOM trapped in the bottom sediments by water column mixing [23, 29, 30] . Since CDOM distribution in Barataria Bay is strongly influenced by the seasonality and the physical forcing, spatial and temporal monitoring of CDOM is necessary to study biogeochemical processes, sources and sinks of DOM, and to improve ocean color estimates of chlorophyll-a. Remote sensing of CDOM done at high spatial and temporal resolution provides an attractive technique to monitor water quality of the smaller water bodies in the coastal environment.
Previous studies have demonstrated the successful use of empirical band ratio algorithms to monitor CDOM absorption using MODIS, SeaWiFS and MERIS sensors in the Northern Gulf of Mexico [10, [31] [32] [33] ; however, these algorithms have been developed using data acquired in the shelf waters and not assessed for the bays. Furthermore, despite the high temporal resolution of sensors such as MODIS, their use in smaller water bodies, such as Barataria Bay, is limited by the coarse spatial resolution (~1 km) of the sensors. Although Landsat is designed to study terrestrial processes and is thus limited by poor spectral and temporal resolution for ocean color applications, its high spatial resolution makes it suitable to investigate the smaller water bodies. Recent studies have demonstrated the potential use of Landsat imagery to monitor CDOM absorption in lakes and rivers, but the algorithm development was limited to imagery from a single month or the same season [34] [35] [36] [37] . Neglecting the seasonal component may introduce a significant error to the algorithm's performance, especially in energetic and highly variable environments like bays and estuaries. As bays receive significant amounts of terrestrial DOM/CDOM and are often a major source to the coastal waters, it is hypothesized that Landsat spectral bands that are mainly designed for investigating terrestrial processes could be extended to study CDOM in Barataria Bay. With limited use of Landsat sensor series (Landsat-5 TM, Landsat-7 +ETM, and Landsat-8 OLI) for monitoring CDOM in bays, an important goal of this study was to assess a Landsat-5 TM-based empirical algorithm to monitor CDOM distribution in Barataria Bay. Landsat-5 TM images from different months were used so as to incorporate the effects of seasonality into the algorithm's performance. Spatial and seasonal variation in the CDOM absorption coefficient was investigated to address discrepancy in the match-up comparisons and to examine the effects of meteorological and hydrological factors on CDOM variability in Barataria Bay in 2010 and 2011. The combined use of field measurements, satellite-derived CDOM, in conjunction with meteorological and hydrological parameters, such as winds, man-made fresh water diversion and the Mississippi River (MR) discharge, were examined to assess influences on the seasonal CDOM distribution in different parts of Barataria Bay.
Materials and Methods

Study Area
Barataria Bay, located between Bayou Lafourche to the west and the Mississippi River delta "Belize" to the east (Figure 1) , is an irregularly-shaped water body with a surface area of ~1670 km 2 and average daily fresh water inflow of about ~150 m 3 •s −1 . The Mississippi River was the main source of fresh water and sediments to the Barataria Basin system. However, rainfall became a major source of fresh water following the construction of man-made flood control levees along the river. The basin has also experienced significant wetland loss due to the negligible inflow of fresh water and sediments from the MR coupled with the effects of anthropogenic stress, sea-level rise, waves, and subsidence [13, 17, 38] . For most of the year, the northern part of the bay receives freshwater mainly from the Davis Pond Freshwater Diversion (DPFD), including rainfall and run-off [25] . Hence, it can be considered relatively fresher than the southern part, except during the high MR flow conditions when, supported by the southerly winds, river plume reversals could result in significant transport of low salinity waters into the bay [26] . Sampling in Barataria Bay was comprised of 15 stations with Station 1 being the marine end member and Station 15 being the freshwater end member (Figure 1 ). In this study, Barataria Bay is divided into three sub-sections based on the climatological salinity distribution [22, 39] to examine the effect of the meteorological and hydrological factors on the seasonal CDOM optical properties in the bay. The lower bay includes Stations 1-5 (salinity ~21), and those are likely to represent the marine environment, while Stations 11-15 are part of the upper bay (salinity ~7) and mainly characterized by the freshwater environment. Stations 6-10, which were assigned to the central bay, a transition zone (salinity ~13), are likely to have intermediate properties of both the marine and freshwater end members. 
Data Source
Surface water samples were collected at 15 stations from the mouth of Barataria Bay (Station 1) in the Gulf of Mexico to the north (Station 15) in Little Lake during 2010 (10 months) and 2011 (5 months) (Figure 1 ). Surface temperature and salinity were recorded in-situ using a handheld Yellow Springs Instruments (YSI) multi-probe field meter. Water samples were stored in a cooler and brought back to the laboratory on the same day. The samples were immediately filtered using pre-rinsed 0.2-µm Nuclepore membrane filters (Whatman GmbH) and analyzed for optical absorption. Meteorological data (wind speed and wind direction) were acquired from NOAA's National Data Buoy Center (NDBC) at the Grand Isle station (GISL1, 20.265°N, 89.958°W) for 2010 and 2011. River discharge information was obtained from the USGS Water Data (USGS) at three locations, namely: DPFD, Baton Rouge, and Belle Chasse. Stations in Baton Rouge and Belle Chasse were selected to demonstrate the difference in MR discharge between the upstream and the downstream locations following the freshwater release through the Bonnet Carré Spillway into Lake Pontchartrain during the high flow MR conditions in 2011. Landsat-5 TM images were ordered and downloaded from the Landsat Data Archive (USGS).
Absorption Spectroscopy
Absorbance (A) spectra were measured on a Perkin Elmer Lambda-850 double beam spectrophotometer. Following the instrument warm up and samples equilibrated to room temperature, absorbance spectra were obtained between 190 and 750 nm at 2-nm intervals using 1-cm path length quartz cuvette. The cuvette was rinsed twice with Milli-Q water (a Barnstead Nanopure® Model D-50280 purification system with purity of 18.2 MΩ) and once with filtered seawater before each measurement to avoid contamination by the previous sample. The absorption coefficients (aCDOM) were calculated using the following equation,
where A(λ) is the absorbance at a wavelength λ, and L is the path length in meters. The absorption spectra were corrected for scattering, temperature, and baseline drift by subtracting an average value of absorption between 700 and 750 nm from each spectrum [40] . The exponential decay of the absorption coefficient can be given by the following non-linear equation,
where ag(λ) is the amplitude of the CDOM absorption coefficient at any wavelength λ and λref is the reference wavelength [41] . The absorption spectra generally represented by a non-linear equation (Equation (2)) were converted to a linear form by the logarithmic transformation of the dependent variable. Then, a least squares regression approach was applied to calculate spectral slope S between 275 nm and 295 nm, while the absorption coefficient at 355 nm (ag355) was used as a quantitative parameter of CDOM [42] .
Landsat Imagery
Landsat-5 TM data were used in this study due to the limitations of the Landsat-7 ETM+ sensor (Scan Line Corrector failure). Landsat-5 TM images for Barataria Bay (Path 22, Row 40) were downloaded from the USGS Landsat Data Archive. All of the selected images had cloud cover of less than 10% with the study area generally cloud free. As conditions in the bay are likely to change rapidly, the time difference between field and satellite observations should be as small as possible. However, due to the longer re-visit period (16 days) of the Landsat-5 TM, an image selection criterion from 0 to ±5 days of in-situ measurements was used to obtain a reasonable sample size for the development and validation of the empirical algorithm. Table 1 shows information about 6 cloud-free images that were used in this analysis. Radiometric calibration was applied to all of the images to convert at-sensor DNs (digital numbers) to at-sensor radiance at each spectral band using the following equation,
where, C0 and C1 are offset and gain coefficients of Landsat-5 TM for the corresponding band n, respectively. The water leaving radiance conveys valuable information about the in-water constituents, but it contributes only about 10% to the at-sensor radiance [43] . The major part of at-sensor radiance is mainly contributed by the atmosphere (aerosols and water vapor), specular reflection of directly transmitted sunlight from the water surface (sun glint), direct reflected radiance from the water surface (sky light) and radiance reflected from whitecaps. The raw at-sensor radiance images were corrected for atmospheric effects using the ENVI v 5. (Table 1) . Sun glint is another major source of preventable contribution to the TOA radiance and it depends on the surface roughness, wind speed, Sun position and satellite viewing angle. Generally, Sun zenith angles between 30° and 60° are optimal for minimizing sun glint [44] . Sun zenith angles are shown in Table 1 . The range of sensor viewing angles (6°-9°) across the study area indicates a negligible effect of sun glint on the satellite imagery. An average value of 3 × 3 pixels was calculated from the atmospherically-corrected Landsat images at sampling stations using SeaDAS 7.2 (OBPG, NASA) for further analysis; however, 1 × 1 pixel values were used at a few stations located in close proximity to the land.
Statistical Analysis
Under the influence of various meteorological and hydrological factors, the optical properties, such as ag355, in Barataria Bay can potentially undergo rapid changes. The relationship between ag355 and wind forcing, for example, could be strongly non-linear and involve complex interactions that could not be explained by commonly-used statistical modeling approaches. Classification (categorical dependent variable) and regression (numerical dependent variable) trees are the modern statistical techniques for exploring and modeling such a complexity in data [45] and have been widely used in a variety of fields such as medicine [46] , agriculture [47] , engineering [48] and ecology [49] . Trees explain the variation of a single dependent variable corresponding to one or more explanatory variables by splitting data recursively based on the most influential independent variable. It splits observations into two mutually-exclusive groups based on a threshold value of the most influential explanatory variable by keeping each group as homogenous as possible with a minimum residual sum of squares. The main aim of the tree-based method is to partition the dependent variable into homogenous groups keeping the tree reasonably small [45] . However, the splitting procedure grows oversized trees and can be reduced to the optimal size using the pre-pruning and post-pruning approaches [45, 50, 51] . This study utilized a tree-based statistical method to examine the complex relationships between the optical, the hydrological and the meteorological data for investigating the relative importance of various factors, such as wind speed, wind direction, Mississippi River discharge at Belle Chasse and discharge at DPFD on CDOM variability at Station 1, located just outside the bay. Each group is characterized by the means of the dependent variable, group size and the percentage of total data. A decision tree was pruned back to avoid over fitting on data with a suitable complexity parameter and minimum cross-validation error.
In the case of remotely-sensed data, the matchup comparisons between satellite-derived estimates and in-situ measurements of CDOM absorption were evaluated using statistical criteria, such as bias (%), root mean square error (RMSE), Pearson's correlation coefficient (r) and R-squared (Table 2) . THE two sided t-test was used to examine the relative significance of the freshwater release at DPFD on the variability of ag355 in Barataria Bay in 2010. 
Statistical Estimator Formula
Absolute Bias (%)
x i = field observations; y i = satellite-derived observations; n = number of observations or pairs. . Although the bay has been disconnected from the MR by construction of man-made levees, resulting in the loss of direct sediment and fresh water inputs into the bay [13, 17, 20, 38] , diversion flows and the exchange of fresher river water through the passes of the inner shelf waters can still influence the bay waters [21, 52] . As a wetland restoration effort, the Davis Pond Freshwater Diversion (DPFD) (Figure 1 ) has been constructed to supply sediment laden Mississippi River water and to reduce the effects of salt water intrusion on the wetland ecosystem [19, 25] . Following the Deep Water Horizon (BP) oil spill in 2010, the DPFD was opened to divert MR water to the bay to minimize the impacts of crude oil on the wetlands. The remarkable change in water discharge at the DPFD is illustrated in Figure 2 , and the evidences of the high-pressure systems (e.g., cold fronts) during the field observations (February and November, 2010) (panel-3); In (3), the blue, red, green, and black colors represent the winter (November, December, January, and February), the spring (March, April, May, and June), the summer (July and August) and the fall (September and October), respectively.
Results and Discussion
Meteorological and Hydrological Conditions during the Study Period
CDOM Optical Properties: Field Observations
Spatial and Seasonal Assessment
The bay water was characterized by the mean surface salinity gradients from the marine (Station 1) to the freshwater (Station 15) end members that ranged from 12.04 ± 4.23 to 7.18 ± 5.73 in the spring, 24. Table 3 ). The salinity gradient was relatively weak in the spring indicating the influence of freshwater along the transect, whereas the strong gradients in the fall, winter and summer seasons could be attributed to the reduced effects of the freshwater sources in Barataria Bay. Interestingly, the northern region of the bay was relatively fresh (mean salinity:1.2 ± 0.9 (N = 5), Upper bay) during the summer months, suggesting inputs of freshwater despite low river flow condition and small amounts of diverted freshwater into Barataria Bay (Figure 3a) .
Mean surface water temperatures remained stable at all stations with warm temperatures of 30.05 ± 0.75 °C to 29.8 °C in the summer and the cold temperatures of 16.6 ± 3.69 °C to 15.76 ± 3.34 °C in the winter from the marine to freshwater stations; however, they were slightly reduced (mean difference = 5%) towards the freshwater end member in the winter and slightly increased (mean difference = 12%) towards the freshwater end member in the spring (blue and green lines in Figure 3b ; Table 3 ). Interestingly, the mean surface temperature together with salinity indicated the influence of the freshwater sources (e.g., the MR plume) in the lower bay in the spring. The differences in temperature of the upper and lower bays likely reflected the relatively stronger effects of the cold air temperatures from fresh to the marine end members in the winter (Figure 3b ). (Figure 3d ; Table 3 ).
Previous studies in the northern Gulf of Mexico [53] and the Delaware estuary [54] showed similar slopes (15-40 µm −1 ) and (16-21 µm −1 ) in the coastal and estuarine environments, respectively. In the spring, low salinity in the lower bay along with highest ag355 and lowest mean spectral slope suggest the strong influence of fresh MR water that appears, from the salinity trends, to extend into the central and possibly into the upper bay ( Figure 3 ). In contrast, high salinity in the lower bay during summer along with lowest ag355, but relatively high spectral slope (20.17 ± 0.84 m −1 ) with similar patterns during fall suggest strong degradation of CDOM likely by photo-bleaching, due to increased solar insolation and reduced periods of strong winds in the summer and fall [3, 55] . The spectral slopes were not significantly different near the freshwater end member, likely indicating similar CDOM sources influenced by the different hydrological and meteorological factors (Table 3 , Figure 3d ).
The spatial-seasonal analysis showed that the different parts of Barataria Bay were influenced by a variety of factors in different seasons, possibly the MR water in the lower bay and CDOM-rich freshwater, precipitation/run-off and strong winds in the upper bay. In the lower bay, salinity, ag355 and S275-295 were highly variable throughout the study period, whereas lower variability was observed in the upper bay except during the summer. The effects of various hydrological and meteorological events are investigated in detail in the following sections. In the summer, ag355 was more variable near the freshwater end members, whereas it followed a conservative mixing line (R 2 = 0.93) in the lower Barataria Bay (Figure 4b ). This variability could be attributed to varying amounts of precipitation and associated run-off in the upper Barataria Basin [25] . The spectral slope increased towards the marine environment during the summer, suggesting increased photo-oxidation of waters in the lower bay (Figure 4b ). In the fall, ag355-salinity showed a similar trend as observed in the summer ( Figure 4c) ; however, S275-295 was highly variable and increased towards the lower bay. The higher values of S275-295 near the freshwater stations could be due to the increased residence time as the bay lacked potential CDOM sources such as mixing by strong winds, and significant freshwater supply through the DPFD and numerous channels during the low flow conditions (Figure 5c ). In the winter, the CDOM absorption coefficient was highly variable in the upper bay, and its variability reduced towards the marine stations (Figure 4d) . A few freshwater stations experienced relatively higher ag355 (> 10 m −1 ) (Figure 4d ). CDOM-rich freshwater was also observed in the central and even in the lower bay, despite the low flow condition (Figure 4d , solid ellipses). Relatively low S275- 295 at the same locations most likely indicated the supply of fresh CDOM in winter. These stations represented the measurement obtained on 23 February 2010 when the high-pressure system was passing over the bay. Strong winds associated with this system could have potentially mixed the shallow water column and released the CDOM trapped in sediments [10, 56, 57] . Furthermore, the lower salinities at the marine end member stations indicated the influence of strong wind forcing that could have introduced CDOM from other locations [27] . The observed anomalies (S275-295 > 25 µm
) possibly indicated strong photo-bleaching near the marine end members in the winter [58] [59] [60] [61] [62] (Figure 5d ). Three major events during the study period appeared to strongly alter the CDOM abundance in Barataria Bay and their roles in the variability of ag355 are examined in more detail. The months were divided into three groups based on the influence of their respective event, such as the MR high flow condition (MR = April and May), high-pressure systems (HP = November and February) and the DPFD opening (DPFD = June and August). Modeling studies in Barataria Bay indicated that freshwater influences the bay within 15-20 days after the diversion release at the DPFD [22, 25] ; therefore, the effects of DPFD opening were considered with a lag of 20 days (in June and August) from the observed peak discharge at the DPFD (in May and July), respectively. The mean ag355 was 3.88 ± 1.33 m −1 and 7.52 ± 0.65 m −1 in the lower and upper bays, respectively, during the event of significant freshwater release at the DPFD. These values were not significantly different (two-sided t-test: p = 0.5820 and p = 0.8460) from the mean ag355 during high flow condition in the MR, indicating the influence of MR water throughout the bay during high flow conditions and in the absence of significant freshwater release at the DPFD. In winter, the mean ag355 was significantly higher (9.07 ± 1.49 m −1 ; t-test: p < 0.05) than the DPFD in the upper bay suggesting, that the strong winds can be more influential than the freshwater release, especially during the passage of intense high-pressure systems, as the one that affected the measurements in February 2010. Although mean ag355 was relatively lower, the effect of the high-pressure system was not significantly different in the lower bay relative to the freshwater diversion and high flow conditions.
A Tree-Based Analysis of the CDOM Absorption Coefficient
The marine end member (Station 1) is located just outside the bay with relatively similar proximity to both the DPFD and the MR south pass. Therefore, it is considered as the ideal location to examine the relative importance of various factors, such as wind speed, wind direction, Mississippi River discharge at Belle Chasse and discharge at DPFD on CDOM variability. Figure 6a illustrates a pruned decision tree for ag355 at Station 1. A root node (Node-1) is a starting point that includes all data (N = 14 months, data = 100%). The MR discharge at Belle Chasse was the most important factor strongly affecting the variability of ag355 at station-1. The mean ag355 for this group was 2. . Low discharge at DPFD had no effect on ag355 at the marine station (node = 6, N = 3, data = ~21%). This node also showed that there was no linkage between high river flow conditions in the MR and the freshwater diversion at DPFD, since low discharge was reported at DPFD for three months, despite high river flow in the MR. During the low MR flow conditions, wind speed became another important factor in the lower Barataria Bay. The low flow condition (<20,000 m
) was evident for 71% of measurements with a mean ag355 of 2.2 m −1 (Node-2). Node-2 represents months in the summer, fall and winter seasons (the MR discharge, Figure 2 ; and ag355, Table 3 ). Node-2 is further linked into two groups, Node-4 (mean = 1.9 m Figure 6b ). In contrast, low wind speeds were responsible for an ~14% decrease in mean ag355 during six months (node = 4, mean = 1.9 m −1 , data = ~43%) and likely to represent the months in summer and fall. The unpruned tree showed the dominance of southerly winds during this period and that could be another reason of reduced ag355 due to increased residence time, dilution by marine water, and reduced supply of CDOM. In summary, high river flow conditions, highpressure systems and low-pressure systems were controlling ag355 by approximately 28%, 29% and 43%, respectively at station-1 in 2010 and 2011. The Mississippi River flow was the most important factor controlling ag355 variability followed by discharge at DPFD and wind speed at Station 1. Thus, various meteorological and hydrological factors have been shown to influence CDOM optical properties in the different sections of the bay during various seasons (e.g., the MR water in lower bay in spring, and CDOM-rich freshwater, wind speed and precipitation/run-off in the upper bay in spring, summer and winter, respectively). In 2010, CDOM characteristics changed greatly due to a series of meteorological and hydrological events in Barataria Bay and the effects of high-pressure systems were the strongest among all, especially in the upper bay. The tree-based statistical analysis indicated that the majority of CDOM variation was linked to the MR high flow condition followed by the freshwater discharge at DPFD and wind speed at the marine end member.
Satellite Assessment of CDOM Variability in the Barataria Bay
Band Selection for the Empirical Algorithm
The reflectance spectrum is generally characterized by low reflectance at the blue wavelength and relatively high reflectance at the green and red wavelengths in coastal waters [44] . A general exponential increase in CDOM absorption towards the shorter wavelengths suggests greater variations in the green and blue wavebands corresponding to the alteration in CDOM abundance. Hence, the blue (Band-1, 0.45-0.52 µm) and green (Band-2, 0.52-0.60 µm) spectral regions can be the most suitable spectral regions for capturing variation in CDOM abundance in terms of a statistical relationship between ag355 and the satellite observed surface reflectance. Elevated concentrations of phytoplankton and non-algal particulate matter have significant contribution to light attenuation in the blue region in the estuarine environment. Additionally, the strong influence of CDOM reduces blue light, resulting in a weak waterleaving signal in the blue region that is often close to zero or below the detection level. Hence, the errors in atmospheric correction are likely to be the largest in the blue part of the spectrum [63] . Furthermore, sky light also contributes strongly to blue wavelengths during clear sky conditions. Therefore, despite the large variation in CDOM absorption in the blue part of spectrum, Band-2 was considered over Band-1 for this analysis. In the red region (Band-3, 0.63-0.69 µm), variation in water-leaving radiance is mainly affected by backscattering with little influence of CDOM. Many studies have demonstrated the successful use of the green (Band-2) and red (Band-3) regions to measure water quality in freshwater environments [34, 35, 37, 63] . Landsat Band-3 was utilized as a reference to develop an empirical algorithm for the CDOM absorption coefficient in this study.
Field collected ag355 values were used as the dependent variable in linear and non-linear regression against various combinations of Bands 2, 3, and 4; a combination of Band 2 and Band 3 using Landsat5-TM imagery (Table 1) In winter, strong wind associated with the cold fronts can mix the water column and release CDOM trapped in the bottom sediments [33, 64, 65] . Furthermore, the narrow width and the shallow depths of the upper bay make it susceptible to relatively strong mixing of the water column by winds and tidal currents in contrast to the relatively wide and deep lower part of the bay [66] . Therefore, variability in the water characteristics of the upper bay could have contributed to the more significant RMSE in the matchup comparison. In contrast, the observed small RMSE in the lower bay could be due to relatively more stable characteristics, except during periods of strong winds [59] . The time difference between image acquisition and in-situ measurements can also cause large errors in the performance of an algorithm. The empirical algorithm presented in this study utilized clear sky images acquired within ±5 days of in-situ measurement. CDOM abundance is likely to be quite variable, as Barataria Bay is governed by different meteorological and hydrological factors throughout the year. Although it is difficult to get a satellite image within a few hours of in-situ measurements due to the coarse temporal resolution of Landsat and possibly unfavorable weather conditions, the images acquired on the same day of measurements are likely to improve the CDOM estimation. The discrepancy in the matchup analysis could also have occurred due to the effects of high concentrations of particulate matter on the water leaving radiance. Since Landsat has a wide spectral band (bandwidth = 0.08 µm compared to 0.01 µm of the MODIS green band), light attenuation by particulate matter is likely to introduce an error in ag355 estimation, especially in the shallow and turbid bays. The red region (Band-3, 0.63-0.69 µm) of Landsat-5 TM includes the phytoplankton absorption peak, which could degrade the algorithm performance, especially during the periods of phytoplankton blooms. Furthermore, the contributions of sky light and whitecaps cannot be ignored on the surface reflectance and therefore, on the algorithm performance. In spite of numerous limitations, the CDOM algorithm and its validation indicated the possibility of using Landsat imagery to monitor CDOM in shallow bays. ). However, the bay experienced strong winds from the north, resulting in high ag355 in the upper bay towards Little Lake despite low fresh water flow at DPFD (daily mean salinity = ~5). Winds likely pushed bay water to the shelf through the tidal channels between barrier islands and that might have reduced salinity at Station 1 (daily mean salinity = ~14) due to the fresh and marine water mixing (Figure 8 ). [26, 30] . The eastern part of the bay also experienced higher ag355 values likely due to the freshwater input from the DPFD and the numerous channels in the north and east (e.g., West Pointe à la Hache siphon diversion) regions of the bay during the high flow conditions of the MR [25] . It is worth noting that the algorithm failure in the clear offshore shelf waters (e.g., Figure 9b ) could be attributed to the absence of particulate load and, thus, low reflectance of the reference band (B3) that resulted in close to null ag355 values. However, elevated water turbidity along the coast, where the algorithm shows relatively detectable ag355, indicates that the algorithm works well in the more turbid environment (Figure 9d ). This section showed that the Landsat5-TM-derived CDOM empirical relationship successfully captured the major details of CDOM distribution and seasonal influence in Barataria Bay, although some uncertainty exists in the algorithm performance. The empirical relationship can be further improved by considering a larger number of images, a smaller time difference between the in-situ and satellite observations, the use of different Landsat sensors (e.g., a combination of Landsat-7 ETM+ and Landsat-8 OLI) and suitable corrections for particulate matter, sky light and whitecaps.
Conclusions
Barataria Bay is an optically complex transition zone that is influenced by various meteorological and hydrological phenomena throughout the year. The effects of meteorological and hydrological factors such as wind speed, freshwater diversions, and river discharge on spatial and seasonal variability in the CDOM absorption coefficient (ag355) in Barataria Bay were investigated in detail. CDOM abundance was the highest in the spring among all seasons. The bay was characterized by a general trend of low ag355 and higher variability near the marine end members, as well as high ag355 with the lower variability towards the freshwater end members. Salinity and S275-295 were greatly variable in the lower bay in all seasons, whereas the lowest variability was observed in the upper bay, except during the summer. The mean surface temperature together with salinity suggested the influence of the MR water from the south in the lower bay in the spring.
The bay experienced three major events, the high MR flow and a large amount of freshwater diversion in the spring, as well as the passage of a cold front in the winter in 2010. Relatively higher ag355 values were observed during the opening of the DPFD. However, large spectral slopes in the central and upper bays indicated the degradation of CDOM, possibly due to the influence of the MR plume that could have increased the residence time by entrapping the bay water. The passage of a high-pressure system contributed to the increase in ag355 and the decrease in S275-295, despite the lack of hydrological inputs of CDOM and it showed that the meteorological factors were as important as the hydrological factors to control CDOM abundance, especially in the upper and central Barataria Bay. The inter-comparison analysis of CDOM variability in 2010 showed that the MR was a major factor in controlling ag355 variability; thus, CDOM abundance in the lower bay during the high flow conditions, and periods of strong winds were capable of elevating the CDOM abundance even higher than during the freshwater diversion in the upper bay. The tree-based statistical analysis showed the influence of high river flow conditions and high-and low-pressure systems that appeared to control ag355 by ~28%, 29% and 43% of the time duration over the study period at the marine end members. In conclusion, the occurrences of the hydrological and meteorological events can potentially cause anomalous ag355 compared to the "normal condition" in Barataria Bay. The performance of the CDOM algorithm can be greatly affected by these events and therefore it is necessary to capture the effects of hydrological and meteorological factors in the algorithm development.
We hypothesized that the bay should mimic terrestrial systems since terrestrially-derived DOM is a major source of CDOM in the bay and it could be monitored using Landsat imagery. For Landsat, Band 2/Band 3 values were obtained from six clear sky images and correlated with ag355 to construct a band ratio empirical algorithm. A validation of the empirical logarithmic relationship showed high correlation (R 2 = 0.76). A comparison of in-situ and satellite-derived ag355 revealed that the upper bay showed the largest RMSE followed by the central and the lower bay. Several factors could have contributed to the discrepancy between the observed and predicted ag355, such as time differences between image acquisition and in-situ observation, a strong influence of seasonally-dependent hydrological and meteorological factors, limited temporal and spatial resolution of the data, and the optical interference of particulate matter, sky light and whitecaps on the water leaving radiance. Although some uncertainty exists in the Landsat5-TM derived CDOM empirical relationship, it has successfully captured major details of CDOM distribution and seasonal influence in Barataria Bay. The empirical relationship can be further improved by considering a larger number of images, a smaller time difference between the in-situ and satellite observations, the use of different Landsat sensors (e.g., a combination of Landsat-7 ETM+ and Landsat-8 OLI) and suitable correction for particulate matter, sky light and whitecaps. Although the proposed empirical algorithm has been shown to work well in Barataria Bay, it could be subject to change in the band combination, coefficients or regression function if it is used in other coastal regions; nonetheless, the promising performance of the empirical CDOM Landsat algorithm supports the use of Landsat data in carbon cycle studies in coastal aquatic environments.
